Performance characterization for long-time operation of cryogenic SiC MOSFETs remains as a challenge that requires further investigation. This paper presents experimental investigations into temperature and current dependent on-state resistance behaviors of state-of-the-art 1.2 kV SiC MOSFETs from various well-known semiconductor manufacturers. In view of engineering applications, two fitted double-exponential functions are introduced to visually depict the interactions among the on-state resistance, junction temperature and drain current instead of considering the combined effects of electron mobility and ionized dopant concentration inside cryogenic SiC MOSFETs. Optimal operating temperature and current ranges are subsequently extracted to characterize the cryogenic operation performance, and thus to explore some operating and designing guidelines of cryogenic SiC MOSFETs and SiC-based power conversions at 77 K.
I. INTRODUCTION
Silicon carbide (SiC) MOSFETs have been attracting tremendous attention for high-power applications, owing to their wide-temperature reliabilities offered by SiC over Si. To clarify and optimize the performance of SiC MOSFETs at different operating temperatures, a number of theoretical and experimental studies have reported the characterization of temperature dependences of various crucial parameters such as breakdown voltage, threshold voltage, and on-state resistance. Similar to abrupt P-N junctions, breakdown voltage of SiC MOSFETs also decreases with the temperature. Intuitively, this is due to the mean free path of charge carriers becomes larger and then offers more energy before collisions at a lower temperature [1] . On the contrary, threshold voltage increases with the decrease of temperature because a larger amount of electrons is trapped in the interface states and a higher voltage is then required to form the inversion channel at a lower temperature [2] , [3] .
Drain-source on-state resistance R DS(on) , which is normally used to quantify the conduction loss and energy efficiency, consists mainly of channel resistance, bulk resistance, drain and source contact resistances, substrate resistance, JFET resistance, etc [4] , [5] . Due to the competing temperature dependences of the channel resistance and bulk resistance inside the SiC MOSFET device [6] , [7] , the total drain-source on-state resistance increases first and then decreases along with the decrease of operating junction temperature. The current literatures focus mainly on the performance of SiC MOSFETs at high temperatures up to 200 • C or above [8] - [10] , though very little has been reported with regard to the cryogenic operations of SiC MOSFETs at negative temperatures [11] , [12] . Moreover, even in the most of cryogenic performance investigations of SiC MOSFETs at present, some pulsed currents having their lasting durations of tens to hundreds of microseconds are normally applied to test and evaluate the temperature-dependent and current-dependent R DS(on) behaviors. The results obtained in pulse current tests can be regarded as "instantaneous values" at some pre-set environment temperatures and drain currents. However, these characterizations are still insufficient for continuous operations of SiC MOSFETs [1]- [12] because practical junction temperature inside one SiC MOSFET is always higher than the environment temperature by considering the self-heating effect [13] , [14] . Actually, dynamic thermal imbalance between the power dissipation inside one SiC MOSFET and the cooling power from external refrigerating fluid might aggravate the temperature rise along with the operating time, and even result in overheating damage in the case of overcurrent operations.
As a promising power conversion technology, SiC MOSFET based cryogenic power conversion suits to combine with zero-resistance superconducting inductor devices having self-contained cryogenic liquid nitrogen (LN 2 ) environment at 77 K, and replacing copper inductors and room-temperature SiC MOSFETs by superconducting inductors and cryogenic SiC MOSFETs can be well expected to improve the overall energy efficiency and eliminate the overheating risks of power electronics [15] - [17] . In our previous works in [15] , we have investigated into the cryogenic operating behaviors of 650 V Si MOSFETs towards a Si-based cryogenic power conversion technology. As a subsequent study, this work attempts to present experimental investigations into temperature and current dependent R DS(on) behaviors of 1.2 kV class SiC MOSFETs, with aims to characterize the long-time cryogenic performance and thus to explore some operating and designing guidelines for SiC-based cryogenic power conversions.
II. EXPERIMENTAL DETAILS
In the experiments, five types of 1.2 kV class SiC power MOSFETs from various semiconductor manufacturers are tested and numbered as follows: 1) Type A -C2M0080120D from CREE; 2) Type B -SCT20N120 from STMicro-electronics; 3) Type C -SCT3080KL from ROHM Semiconductor; 4) Type D -UJC1206K from UnitedSiC; 5) Type E -LSIC1MO120E0080 from Littelfuse.
To obtain a continuous temperature-changing environment, the back conductive plate of drain electrode inside one MOSFET is installed on the upper edge of a copper strip (∼18 cm), while the lower edge is immersed in LN 2 at 77 K. The above MOSFET assembly is installed at the terminal of moving shaft of a vertically-inverted stepper motor, as shown in Fig. 1 . During the tests, the MOSFET is firstly heated up to about 350 • C by using a hot-air generator and then driven to get close to the liquid surface of the LN 2 along with the descending motion of the shaft. To monitor the real-time changing process of operating temperature T and its corresponding on-state resistance R DS(on) , one Pt100 temperature sensor is directly stuck to the surface of drain electrode, and one 6 1/2 digital multimeter and one ±125-A hall-effect current sensor are used to collect the transient voltage and current data of the tested MOSFET for measuring the on-state resistance indirectly [9] . 
III. RESULTS AND DISCUSSIONS A. JUNCTION-TEMPERATURE-DEPENDENT R DS(ON) BEHAVIORS
To clarify the junction-temperature-dependent R DS(on) behaviors in the experiments, the testing drain current I DS is set as a relatively low value of 0.2 A so that the measured temperature data collected by the Pt100 sensor is approximately equal to the real junction temperature. Fig. 2 shows the measured and fitted R DS(on) behaviors in these lowcurrent tests. It can be seen that all the R DS(on) values in the five types of SiC MOSFETs decrease firstly and then increase as the operating temperature T decreases from about 350 K to 77 K. Due to the combined effects of electron mobility and ionized dopant concentration [18] , the lowest on-state resistance R min appears when both the maximum electron mobility and minimum carrier freeze-out effect are achieved. However, the corresponding optimal junction temperature T opt might be varied with different microstructures and packages.
For instance, although Type A and C MOSFETs have almost the same R min of ∼73 m , their corresponding T opt in Table 1 are about 235 K and 275 K, respectively. Accordingly, practical junction temperature ranges should be within 201-276 K and 236-331 K when considering a suitable margin of 1.05 × R min . To explain the experimental phenomena in Fig. 2 , several works have reported the characterization of temperature dependences by considering the intrinsic mechanisms of field-effect electronic devices [1]- [12] . However, these existing models are not easy to be used by power electronics engineers for designing practical cryogenic power conversions. In view of engineering applications, a doubleexponential function is introduced to visually represent the combined effects of electron mobility and ionized dopant concentration
where R 0 and T 0 are two normalized parameters of 1 and 1 K, p 1p 4 are four fitted parameters that depend on the types of SiC MOSFET. Table 2 summarizes the fitted parameters in the five MOSFETs. From the fitted light blue lines in Fig. 2 , these fitted functions match well with the measured R DS(on) values, and thus can be considered as the references for evaluating the junction-temperaturedependent R DS(on) behaviors. To further depict the relative changes of on-state resistance under different junction temperatures, one normalized factor R pu is defined as the ratio of the R DS(on) at an arbitrary temperature to the R DS(on) at 300 K. Fig. 3 shows the normalized R DS(on) behaviors from 77 K to 350 K. These experimental results can be easily used to predict the optimal junction temperatures inside the five MOSFETs, and it is shown that all the lowest R DS(on) values appear at some higher temperatures over 77 K. 
B. DRAIN-CURRENT-DEPENDENT R DS(ON) BEHAVIORS
Although all the optimal junction temperatures in Table 1 are higher than the LN 2 temperature at 77 K, SiC MOSFETs should be practically immersed in LN 2 for high-current operations in view of increasingly serious self-heating effects. . 4(f)-(j) also decrease firstly and then increase as the I DS increases from about 5 A to 40 A. This is mainly due to the dynamic power balance between transient power dissipation from the semiconductor materials and cooling power from the surrounding LN 2 . Specifically, transient power dissipation increases quadratically with the drain current, and thus results in an obvious junction temperature rise inside the MOSFET. Meanwhile, thanks to the direct proportion between thermal conductivity and junction temperature [19] , the increase of drain current also enhances the cooling power from the LN 2 . Finally, the real junction temperature reaches a steady value when a dynamic power balance is achieved. However, these dynamic power balances are unsustainable under some overcurrent operations. From the measured thermal runaway processes in Fig. 5 , practical thermal-runaway time points are estimated to be ∼6 s at 30 A, ∼20 s at 17 A, ∼20 s at 29 A, ∼25 s at 40 A and ∼15 s at 30 A for the five MOSFETs. These undesired phenomena are mainly due to the limited cooling power from the surrounding LN 2 to micro-sized packages of SiC MOSFETs. In other words, practical cooling power for the semiconductor materials inside one MOSFET is still limited even when the whole MOSFET is immersed in LN 2 . Therefore, from the view of safe operation, practical drain current should be kept within its upper limit against the occurrence of thermal runaway.
In addition, from the view of efficient operation, practical drain current should be exactly rated at its optimal value when the lowest on-state resistance is reached. Fig. 6 shows the interactions among the on-state resistance, junction temperature and drain current for Type D MOSFET. The optimal operating range of drain current is about 31.6-37.6 A, while the corresponding junction temperature range is about 153-217 K accordingly. Assuming that a SiC-based cryogenic power conversion device has its operating current rating of 350 A, ten Type D MOSFETs are then suggested to be connected in parallel. Considering the double-exponential functional relations in (1) and (2), too many or too few numbers will inevitably result in higher on-state resistances and higher power dissipations for the whole system.
Considering the interactions among the on-state resistance, junction temperature and drain current, the doubleexponential function in (1) can also be used to depict the relation between the drain current and on-state resistance at 77 K
where p 5 − p 8 are four fitted parameters shown in Table 2 . These two junction-temperature-dependent and draincurrent-dependent functions (1) and (2) visually depict the intrinsic interactions among the on-state resistance, junction temperature and drain current. This reveals that on-state resistance behaviors of commercial SiC MOSFETs at 77 K can be empirically characterized for the use in designing SiC-based cryogenic power conversion devices.
IV. CONCLUSION
In this paper, two junction-temperature-dependent and draincurrent-dependent double-exponential functions have been extracted empirically from long-time experimental tests to characterize the cryogenic on-state resistance behaviors of commercial SiC MOSFETs. These two simple mathematical functions visually depict the intrinsic interactions among the on-state resistance, junction temperature and drain current, and thus lay some empirical bases for designing practical SiC-based cryogenic power conversion systems.
